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1. Introduction
Pitting corrosion at turbine blades in steam power plants is a frequent starting point of growing fatigue cracks [1–3]. In a
recently conducted failure analysis [4], pitting corrosion has been detected at the ﬁrst load bearing ﬂank of a low pressure
steam turbine blade during a major overhaul. Metallographic investigations as well as qualitative ﬁnite element analysis
(FEA) of the cracks were carried out to determine the root cause of the failure. Questions about the crack propagating loads
(important for operation), the excitation of natural frequencies (important within cyclic operating conditions) and the
generation of a viable crack size (damage tolerant design) are important for operators and designers of steam power stations.
For them it is important to determine inspection intervals; to calculate the operation time to the present (or a detectable)
crack size. Inspection, maintenance and replacement cause downtimes are costly and therefore studied [5] to optimise
intervals.
Linear elastic fracture mechanics (LEFM) and FEA are typically used for damage tolerance or fail-safe design concepts (e.g.
the evaluation of the residual life-time with the Paris law or the leak-before-break design) as illustrated by [6, p. 378]. Here
LEFM and FEA are used to evaluate stresses in order to suggest the crack initiation, propagation and ﬁnally the operating
conditions. Results from failure analysis with literature data are used as an input for the fracture mechanics analysis.
Knowing three of the parameters in Fig. 1a (e.g. Y, a, DK) the fourth (Ds) can be calculated. FEA and determined input
parameters (see Fig. 1b) are used as a proof and as an extension to the analysis. The cracks are illustrated in Fig. 2 to show the
investigated turbine blade in top Fig. 2a and side Fig. 2b view. The red planes at the ﬁrst load bearing ﬂank mark the positions
of the fatigue cracks. Crack 1 is the oldest fatigue crack and is therefore used for analysis.
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blades of different natural frequencies. The root cause of the fatigue crack initiation was
pitting corrosion of the forged ferritic/martensitic X20Cr13 material. Metallographic
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experimental data from the literature are used to evaluate crack propagating stresses to
discuss the operating conditions. The calculations show that corrosion pits at the root of
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Crack growth can generally be divided into three stages [7,8] as to the crack propagation curve – though more detailed
distinctions are possible [9]. Stage I is related to crack nucleation or crack initiation, stage II to constant fatigue crack growth
and stage III is related to failure by fracture, instability or an other limiting factor. Crack initiation within stage I occurred by
pitting corrosion at the ﬁrst load bearing ﬂank. To investigate the fracture surface in stage II, the apparent beach and ratchet
marks of crack 1 were analysed and are illustrated in Fig. 3. The cyclic stress amplitude and/or load ratios relates to beach
mark and striation formation [9, pp. 530], which is aka similitude hypothesis [10]. Fig. 3a shows the traced fracture surface
image of crack 1 and displays the path of the crack like a roadmap, beginning from the pitting hole (initial crack) towards
ratchet marks (local crack surfaces join each other) to the crack tip. The shape of the fracture surface is elliptical with a ﬁnal
relationship between the short arm a, and the long arm c (along the 1st load bearing ﬂank), where a = 27.6 mm/
c = 43.4 mm = 0.64. The striations, separating different beach marks are not visible without the use of a scanning electron
microscope (SEM). The positions for the evaluation of the striation distances are marked at the fracture surface with a1 and
a2. The SEM image in Fig. 3b shows beach marks (indicating temporary crack arrest) at the crack tip and their distance is
evaluated to be 23  9 mm in average, although their distance is position dependent.
Stage III is related to fracture or failure and did not occur due to crack detection and replacement during the major overhaul.
1.1. Loads on a low pressure steam turbine blade
The loads acting on a turbine blade are the centrifugal forces, centrifugal bending, steady steam bending, unsteady
centrifugal forces due to lateral shaft vibration and alternating bending [11]. These are created by the centrifugal load and
Fig. 1. LEFM and FEA input and output to compare evaluated stresses from 2 independent results.
Fig. 2. The fatigue cracks are illustrated with red planes at the pressure (crack 1) and the suction side (crack 2) of the blade. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of the article.)
Fig. 3. Traced fracture surface, providing information about the real fatigue crack surface.
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the ﬂuid mass ﬂux (jm) through the turbine. For a low pressure turbine blade with a length of 0.9 m, the nominal stress due to
the centrifugal load (3000 rpm) at the root can be estimated to be about 120 MPa [12] and is considered as quasi-static.
The simpliﬁed bar model in Fig. 4 visualises the acting and reacting loads on a turbine blade. The natural frequencies of
the turbine blade play an important role while increasing and decreasing the rotational speed of the rotor (unsteady
centrifugal forces during starts and stops) and are often identiﬁed as the root cause for the crack initiation at the turbine
blade root and are studied [13]. Another source of dynamic stress-excitation is forced oscillation by changing jm while the
rotational frequency of the rotor remains constant at 3000 rpm. Eq. (1) illustrates the action more clearly (left side of the
Eq. (1)) in the form of the absorbed energy of the turbine blade divided by the time dependent variation of the ﬂuid mass ﬂux
(dVf˙luid) which is equal to the reaction (right side of Eq. (1)) and formulated as the time dependent change of the pressure
(spressure) on the blade or the momentum (
R
mx¨dt) on the blade.
dEabsorbed
dVf˙luid
¼
Z
spressuredt ¼
R
mx¨dt
Ablade
(1)
Looking again at Fig. 4 it becomes more evident, that dVf˙luid has a direct inﬂuence on the bending moment Mbending as well
as the torsion moment Mtorsion. In Table 1 the operating times with the loading conditions (jm) of the turbine are evaluated for
the time of one year (source: internal communications). For economic reasons jm is varied twice daily to loads of 100% to 82%
or to 60% of its nominal ﬂux and back, which is the most frequent load change in the plant and occurring about 450 times per
year at a constant rotor speed of 3000 rpm. The unsteady steam bending forces (alternating bending) are frequently the
primary cause for blade fatigue failures [11]. Changing the jm can be related to ventilation processes which lead to strong
variations of the jm in the ﬁnal stages of the low pressure turbine [14, pp. 11]. Cold-starts and revision (from 0% jm to 100%)
involve a change of the rotor speed (from 0 to 3000 rpm) and occur only (45 + 7) = 52 times per year.
1.2. Turbine blade material and corrosion
The underlying material is a classic turbine blade material. It is a ferritic/martensitic X20Cr13 (DIN/EN 1.4021, AISI 420)
stainless steel. From hardness measurements the tensile strength is estimated to be at about 770 MPa. Much can be found
about the corrosion of X20Cr13 (1.4021, AISI 420) stainless steel in the literature and some of this work is presented in this
section. Effertz and Forchhammer [15] investigated corrosion induced by NaCl, carbon dioxide, sulfur oxide, nitrogen dioxide
and oxygen; the response to water was investigated by [16]. The chemism of penetration and decomposition of the
protective chromium oxide layer was described by [17,18]. Literature about pitting formation at metallurgical ﬂaws such as
MnS or at dislocations within the X20Cr13 is provided [19]. The inﬂuence of the tempering temperature on the pitting
corrosion resistance due to the coarsening of chromium carbides and the formation of a Cr depleted zone (literally known as
sensitisation) has been investigated by [20]. General quantitative threshold values for corrosion in low pressure turbines
[21] show that pitting corrosion has been detected if deposits contain ionic weight fractions (in m%) larger than 0.1
Cl, 2 SO24 , 2 Na
+. The chemical analysis of the dark deposits found at the root of the turbine blade showed that the critical
Table 1
Approximate time and loading conditions on the turbine during the period of one year (real data from internal sources).
Fluid mass ﬂux (jm) in operation Weeks (wk) per year (yr) Days (d) per year Possible damaging
loading conditions per year
0% (revisions) 7 (off for longer than 3 d, 7 d) 7 7 = 49 7
0% (cold-start) 45 (weekends, 2 d) 2  45 = 90 45
100%, 82%, 60% (unsteady
steam load)
45 (5 d) 5  45 = 225 2  225 = 450
45 wkyr operating and 7
wk
yr not
P
364 dyr 450 are considered
for the evaluation
Fig. 4. Simpliﬁed bar model to visualise schematically the forces, acting on a turbine blade.
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values for Na2SO4 and CaSO4 are reached [4]. Due to these deposits the material was unable to form the protective oxide layer
and the crack initiation site (or pitting hole) with an average pit depth of 100 mm (see Appendix Fig. 12a) is larger than
microstructure features which is micro-structurally at the transition from a small to a long crack.
1.2.1. Fatigue testing data
Fatigue data for the material is collected in Fig. 6 from different sources. The constants C and m of the Paris law in Eq. (2)
are ﬁtted to the measured data in the linear section. Here, DKth (threshold value) indicates the range of the stress intensity
factor at the minimum physically detectable propagating crack rate (i.e. one atomic distance per cycle), though lower crack
propagation rates are calculated [22, p. 126]. Below Da/DN values of one atomic distance per cycle not every stress intensity
range DK contributes to the crack propagation. Attributes of the microstructure such as orientation of grains (different elastic
moduli of crystallographic orientations), grain size and formation of dislocation structures are important at this level.
Da
DN
¼ CDKm (2)
1.3. Total life estimation from literature
The reduction of the fatigue endurance limit due to corrosion pits of speciﬁc depths was investigated and plotted in a
Haigh diagram [23, Fig. 4]. For a pit depth of r = 100 mm the cyclic endurance limit Ds is reduced by 50%. For a mean stress of
sm = 120 MPa from the estimation [12] for 3000 rpm and a pit depth of 100 mm the cyclic fatigue limit Ds = 400 MPa.
Increasing sm to 500 MPa or 600 MPa, Ds decreases to 220 MPa or 180 MPa respectively.
Fig. 5. Evaluation of the striations at the positions indicated in Fig. 3a from unpublished images of the failure case analysis [4].
Fig. 6. Fatigue data collected from literature [24,25] and used for the evaluation. (a) Fatigue data for material X20Cr13, [24]. (b) Fatigue data for material
X20Cr13, [25].
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2. Methods and Literature
2.1. Linear elastic fracture mechanics (LEFM)
LEFM is used to calculate the crack propagating stress range Ds. The pathway to calculate Ds from the results of
metallography and literature of is shown in Fig. 7a. As a ﬁrst step the geometry factor Y is evaluated as function of the crack
length a. The crack is treated as a elliptical corner crack with the mentioned relationship of 0.64 in Section 1. The relationship
is kept constant over the entire crack length and evaluated according to [26,27] within the allowed boundaries. The linear
superposition of the bending load (due to jm) with the tensile membrane load (centrifugal force) for similar modes is shown
in Eq. (3) [28, pp. 43]. Eq. (4) is used to calculate the stress intensity in mode I for the centrifugal (c) and the bending (b) load,
where the stress intensity in front of the crack tip DKtotal is split into a contribution from the c- and b-load. DscI ¼ 0 due to the
constant centrifugal load. Therefore it is a mean stress sm and considered with the fatigue data for R = 0.5 from Fig. 6b. DK
total
is coupled over the similitude hypothesis to the experiments and experimental data through Eq. (2) as done by [29, p. 31].
Torsion, as indicated in Fig. 4 (out-of-plane shear) refers to mode III load and for simplicity and expected low contribution,
concluding from the appearance of the fracture surface not considered here, although the calculation is possible [28, p. 60].
KðtotalÞI ¼ KcI þ KbI (3)
Thus, Eq. (4) and ((2)) are used to evaluate the cyclic bending stress range Dsb, the range of the stress intensity factor and
Da
DN
as function of the crack length a.
DKðtotalÞIﬃﬃﬃﬃﬃﬃ
ap
p ¼ DscI Yc þ DsbI YbI (4)
2.2. Finite element analysis (FEA)
The FEA is carried out with the software Catia V5R19. The turbine blade was measured with a 3-D GOM system and
the data was imported and meshed with tetrahedron parabolic elements. The general element size was 2.0 mm, 0.1 mm
at the hole, 0.3 mm at the crack with an intermediate mesh of 0.5 mm and 0.8 mm respectively. 5.5  105 elements
(8.5  105 nodes) are used for the analysis without the hemispherical pitting hole, 5.7  105 (8.8  105) with the hole,
8.2  105 (12.3  105) for the fatigue crack 2 and 9.3  105 (13.9  105) fatigue crack 1 as indicated in Fig. 2. The distance
between the centre of gravity of the turbine blade and the centre of the rotor of the turbine blade is 922 mm. For the
calculation of the centrifugal stresses, the turbine blade is clamped with ﬁxed boundaries (without the use of an
antibody) to the rotor (ﬁr-tree connection), indicated in Fig. 7b with blue stripes. The ﬁr-tree-connection self-centers
the turbine blade into the plane of rotation.
To simulate the bending stress on the blade, the ﬂuid pressure drop at this stage (nominal load with 100% jm) is about
0.023 MPa. Data about the ﬂuid load distribution on the blade is not available and therefore it is applied evenly over the
turbine blade surface. This is an important assumption inﬂuencing the calculation of the bending stress at the turbine blade
root and will be discussed later.
Fig. 7. Pathway of LEFM to the solution and boundary conditions of the FEA.
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2.3. Evaluation of the number of damaging loading conditions
Here a damaging loading condition is deﬁned as the distance between two beach marks, which was on average measured
to 23  9 mm starting from the position close to the crack tip (Fig. 3b). Beach marks are positions of temporary crack arrest. A crack
propagating cycle (or crack growth rate) is used for the distance of one striation Da/DN. The mean evaluated striation distance at
that positions (see Fig. 5) is about 0.5 mm, (23/0.5) 50 crack propagating cycles occur within one single damaging condition. The
beach mark distance therefore changes with the striation distance.
3. Results
3.1. Tensile- and bending stresses at the turbine blade root with FEA
FEA is used to analyse the local stress increase for the centrifugal load at the ﬁrst load bearing ﬂank of the turbine blade
with a pitting hole. A spherical pitting hole with the radius of r = 0.1 mm is initiated at the position of the corrosion pit (see
Fig. 3a for the overview and Fig. 8a for the detail) at the turbine blade root with a distance of 2 mm from the edge. Applying a
rotational speed of 3000 rpm, the local stress in Fig. 8b plotted along the indicated path in Fig. 8a shows a stress increase from
500 MPa to 900 MPa, which is a factor of 1.8. This is locally higher than the ultimate tensile stress (770 MPa). The effect of
stress redistribution of pit holes was studied by [30]. After the evaluation of the local stress increase due to the spherical
pitting hole, the stress response from the centrifugal- and bending load at the ﬁrst bearing ﬂank of the turbine blade root are
evaluated separately at the centre and edge position in Fig. 9 without the crack. Beginning with the centrifugal load and
following the x-coordinate in Fig. 9a, the tensile von Mises stress smises for the edge starts with a maximum value of about
500 MPa and decreases from about 100 MPa after 5 mm to a minimum value of 50 MPa, increasing again within the last
Fig. 8. Stress increase due to the pitting hole, measured along x-axis.
Fig. 9. Tensile von Mises stress and bending stress in z-axis is plotted in the x-direction.
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5 mm to 300 MPa. The stress at the centre of the blade behaves in a complementary manner, starting with a value of
450 MPa at the surface, dropping to 100 MPa and reaching a maximum value of  550 MPa at the suction side. The
stresses at the centre position are higher on average compared to those at the edge.
The response to the bending load due to the pressure drop at this stage is shown in Fig. 9b – as for the centrifugal load – for
the center and edge position. For bending, it is important to distinguish between tensile and compressive load while
0.023 MPa are considered as the pressure drop at the position of the third-last stage of the low pressure turbine. The von
Mises stress for bending sb starts as tensile at the edge (in positive x-direction) with about 25 MPa. At x  12 mm individual
tensor components (x, y, z) start to become negative (i.e. compressive stress). The von Mises stress plots only positive values.
After the transition zone (marked between 12 and 16 mm) the stress is compressive. At the center position the maximum
tensile bending stress is at least 60% lower compared to the edge, but the bending compressive stress at x = 28 mm is higher
(about 30 MPa).
3.2. Results from LEFM
The computation of the LEFM begins with the evaluation of the geometry factor Y, because the evaluations of the striation
distance, beach mark distance and the constants DK, C, m are provided (Fig. 6b). The evaluation of the geometry factor Y for
stage I is done with the evaluation of the analytical solution in [22, p. 118]. For a pitting hole depth of r = 0.1 mm and a
sample thickness of B = 30 mm, the Y is calculated to Y = 1.12 for both, bending and tensile load. As the crack evolves from the
size of an initial corrosion pit, Y changes as a function of the crack length a. The fatigue crack is treated as a corner crack as to
[27], though the initial pitting hole is distanced about 2 mm from the corner [4]. The evaluation of the geometry factors for
bending (b) loading in stage II is done by simplifying the geometry of the turbine blade root and considering it as a rectangle
as illustrated in Fig. 10a. The evaluation of Ya in Fig. 10b with the equations, assumed and calculated parameters are provided
in Appendix A.2. As mentioned, the centrifugal load (rotor speed) does not change with the variation of jm, DscI ¼ 0 in Eq. (4)
simplifying the solution.
The evaluation for Ya in Fig. 10b shows three related parameters (fW, Mm, Mb) with increasing crack length a. Mb is the
stress intensity magniﬁcation factor for bending, Mm for membrane loading and fW is the correction term for elliptical ﬂaws,
(see Appendix Table 2). Three vertical lines (from left to right) indicate the two different measurement positions of the
striations in the SEM at a1 = 8.3 mm, a2 = 26.2 mm beside the measured length of the crack (see Fig. 3a for orientation,
evaluation in Fig. 5). The graph for Ya intersects the abscissa at a = 25.7 mm, changing the stress intensity factor DK to a
negative value, 1.9 mm before the measured length of the crack.
The evaluation of Yawith the data from Fig. 6b with R = 0.5 where C = 6.6e  13, m = 4.5 and the average striations distance
taken from the measurements Da/DN = 350 (nm/1) at the position a1 allows the calculation of the cyclic stress range to
Dsb = 180 MPa by using Eq. (5). The striation width is variated to Da/DN values of 200 nm/cycle (Dsb = 160 MPa) and for
700 nm/cycle (210 MPa) to calculate the effect on the stress range.
Dsb ¼
Da
DN
1
C
 1
m 1ﬃﬃﬃﬃﬃﬃ
ap
p 1
f WMb
(5)
The calculation for the striation evaluation at a2 does not give reasonable results because of the negative Ya at that
position.
Solving Eq. (5) for the crack propagation per load cycle Da/DN by inserting the evaluated bending stress Dsb = 180 MPa
including the parameters C and m, it is possible to plot Da/DN and DK above the crack length in Fig. 11a and b. For comparison
purposes the Dsb is varied to 210 and 160 MPa to illustrate the effect on da/dN and DK. The measured striation width is
indicated as black dots with the corresponding error bars. Due to the behaviour of Ya, Da/DN increases to the maximum at
Fig. 10. Calculation of the factors Mm, Mb and fW as function of the crack length a.
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about 12 mm crack length and then starts to decrease reaching 0 at 25.7 mm. The plot for DK in Fig. 11b is broader due to the
inﬂuence of the increasing crack length
ﬃﬃﬃ
a
p
but shows qualitatively the same shape. To evaluate a number of possible
damaging loading conditions (number of beach marks) and the number of load cycles (striation distance), Eq. (5) can be
solved by integrating over the crack length a. The numerical solution by summing up the da/dN over the crack length was the
chosen way with the result plotted in Fig. 11c. The cumulative number of striations is divided by the number of cycles needed
Table 2
Variable explanation
Variable Value Description
a 27.6 mm Crack depth
c 43.4 mm Crack width
W 147 mm Plate width
B 30 mm Thickness
(YDs)p calc Primary stress intensity factor correction function
Dsb calc Bending component of stress range
Dsm 0 Membrane component of stress range
M 1 Bulging correction factor
fW calc Correction terms in stress intensity factor for elliptical ﬂaws
ktm 1 Membrane stress concentration factor
Mkm 1 Stress intensity magniﬁcation factors (apply when the crack is in a region of a local stress concentration such as a weld)
Mm calc Stress magniﬁcation factor (membrane)
ktb 1 Bending stress concentration factor
Mkb 1 Stress intensity magniﬁcation factor (apply when the crack is in a region of a local stress concentration such as a weld)
Mb calc Stress intensity magniﬁcation factor (bending)
km 1 Stress magniﬁcation factor due to misalignment
H calc Specimen half-length
G calc Constant in tubular joint stress intensity factor solutions
gij calc Normalised elastic stress ﬁeld ahead of a crack
q calc Exponent in creep crack propagation equation
Q calc Parametric angle to identify position along an elliptic ﬂaw front
Fig. 11. Calculation of different variables of LEFM as function of the crack length a.
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to form one beach mark, which was about 50 cycles. Because the Paris law is correct for crack growth of long cracks, the
number of cycles necessary to propagate a crack from 2 mm to 22 mm is evaluated to be between 1500 and 5000 damaging
loading conditions. As indicated in the plot, the evaluation is performed for a crack growth rate between 200 nm/cycle
(10 mm/condition) and 700 nm/cycle (35 mm/condition) or a Dsb between 160 MPa and 210 MPa respectively to quantify
the inﬂuence of measurement tolerances. If counting from a crack length of 0.6–22 mm, results in 2500 (200 nm/cycle) –
9000 (700 nm/cycle) damaging loading conditions and a evolution time between 5.6 and 20 years.
4. Discussion
8 years after the last major overhaul, cracks were detected in the third blade row on low pressure steam turbine blades
with different natural frequencies, which is an indicator that loads different from natural frequency excitation play a role.
None of the turbine blades failed; excitation of natural frequencies during start/stops of the plant is possible about 90 times
per year and are of far lower amount than the observed beach marks. Without the addition of start/stop conditions, the most
frequent load change of the power plant is the variation of the ﬂuid ﬂux jm for switching between 100% and 60% of its nominal
load, about 450 times per year. These 450 switching times are considered as damaging loading conditions and micro-
structurally considered as beach marks. From the distance of the beach marks (indicate temporary crack arrest) and the
mean striation distance on average 50 striations (cycles) are calculated between two beach marks. Dividing the calculated
loading conditions of 1500 and 5000 (Fig. 11c) by 450 it takes a minimum of 3.3 years and a maximum of 11 years to
propagate a crack from 2 mm to 22 mm. 2 mm is chosen as an initial and detectable crack size from the distance of the
corrosion pit to the edge. At that position the DK increased to a value of 10 MPa
ﬃﬃﬃﬃﬃ
m
p
. The evaluation limit at 22 mm crack
length was chosen where cyclic stress intensity factor DK dropped to 10 MPa
ﬃﬃﬃﬃﬃ
m
p
. The 3.3–11 years is an important
estimation and conﬁrms the metallographic investigations indicating, that the fatigue cracks grow with speciﬁc loading
conditions and not with each revolution of the rotor and in particular not only during start/stops. Remarkable is the
acceleration of the crack growth rate and the de-acceleration with increasing crack length due to the geometry factor Ya. Ya
compensates the increasing stress intensity DK with increasing crack length. This is one explanation why the crack could not
accelerate critically and none of the cracked blades at the same blade row failed. The evaluation of Ya is not 100%
representative for the entire fracture surface, since the torsion moment and the geometrical simpliﬁcation are not
considered. It is an approximation for Dsb between 2 mm and 22 mm of the total crack length.
From LEFM, a necessary Dsb of 180 MPa was estimated from the striation distance. The superposition of Dsb requires a sm
of about 600 MPa [23, Fig. 4]. The FEA analysis (Fig. (5) shows, that this value is locally reached. The fatigue data for R = 0.5
from [25] used within the calculations for LEFM is quite reasonable, though data for larger R values would be more accurate,
but not available.
In contrast to LEFM, the FEA solution shows a Dsb of only 25 MPa from to the pressure drop at the edge of the turbine
blade root. The assumptions on the even pressure distribution (0.023 MPa) over the turbine blade are too conservative and
not representative for dynamic conditions (such as ventilation processes). The centrifugal load results in a local sm of
500 MPa and with the corrosion pit locally sm above yield strength at the edge of the turbine blade root (see Fig. 8b). The
present FEA analysis can be improved with an antibody and tested against deﬁned contact conditions to observe the stress
response at the turbine blade root. Measurements of the load or strain distribution with strain gauges as performed by [31]
on the turbine blade at this stage while changing the jm would further improve the simulation.
Fig. 12. Pitting hole evaluation on the root of the turbine blade.
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The yield stress for this material is estimated with the hardness tests (241HV10  3.2) to 770 MPa [4] and meets the
value of [23, Fig. 4] which is a proof that both materials are in the same heat treatment condition and the data taken from the
fatigue experiments is correct.
5. Summary and conclusion
Linear elastic fracture mechanics (LEFM) and ﬁnite element analysis (FEA) – in combination with experimental data and
data from the literature were used to evaluate crack propagating stresses on a third row low pressure steam turbine blade.
The crack propagating damaging conditions are identiﬁed as the ﬂuid ﬂux variations jm.
 FEA predicts the local mean stress sm higher than 500 MPa at the edge of the turbine blade root in un-notched condition
caused by the rotor speed.
 In notched condition, FEA showed that the pitting hole increased the local stress above yield. The spatial stress increase due
to the pitting hole was larger than microstructure features, such as the prior austenite grain size. The superposition of Dsb
causes the fatigue crack to grow from micro-structurally small to large.
 LEFM show that crack propagation is caused by a Dsb between 160 and 210 MPa during jm variations which is
superimposed to sm.
 The number of beach marks (damaging loading conditions) between 2 mm and 22 mm crack length was 1500 in minimum
and 5000 in maximum. With 450 jm variations per year the crack took 3–11 years to grow from 2 mm to 22 mm.
 Under these operating conditions, the turbine operator has at least 3 years time between inspection intervals to detect this
failure case. Operators of thermal power plants are requested avoid deposits on turbine blades and to consider the
frequency of their inspection intervals to the number of ﬂuid ﬂux variations in order to prevent this type of failure.
Appendix A. Appendix
A.1. Evaluation of pitting holes in X20Cr13
Holes have been evaluated at the root of the turbine blade, indicated in Fig. 2b. These holes have an average radius of 94 mm.
The statistics is consistent with the pitting hole found at the origin of the fatigue crack.
The following calculation of the corner crack can be found in [27] with the variable declaration in [26].
A.2. Calculation of the stress intensity factor Y(a, c, B, W)
The following calculations and applied equations are valid for 0:2 ac1, aB < 1, 0Q p2 and cW0:5.
DKIﬃﬃﬃﬃﬃﬃ
pa
p ¼ YðDsÞ (6)
The variable explanation is listed in Table 2.
ðYDsÞp ¼ MfW ½ktmMkmMmDsm þ ktbMkbMbfDsb þ ðkm1ÞDsmg	 (7)
When km is set equal to 1, and the membrane stress Dsm = const. = 0 for quasi-static conditions (constant centrifugal load i.e.
rpm = const.), Eq. (7) rewrites to Eq. (8)
YDsb ¼ MfW ½ktbMkbMbDsb	 (8)
Setting M, ktb, Mkb to 1, Eq. (8) is rewritten to Eq. (9). Starting from this equation the parameters for the geometry factor are
evaluated.
Yb ¼ f W MbDsb (9)
YðDÞ ¼ f W ½MmH	 (10)
fW ¼ 10:2l þ 9:4l219:4l3 þ 27:1l4 (11)
l ¼ c
W
  ﬃﬃﬃa
B
r
(12)
For bending load
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Mb ¼ HMm (13)
H ¼ H1 þ ðH2H1ÞsinqQ (14)
q ¼ 0:2 þ a
c
 
þ 0:6 a
B
 
(15)
H1 ¼ 10:34 aB
 
0:11 a
c
  a
B
 
(16)
H2 ¼ 1 þ G1 aB
 
þ G2 aB
 2
(17)
G1 ¼ 1:220:12 ac
 
(18)
G2 ¼ 0:641:05 ac
 0:75
þ 0:47 a
c
 1:5
(19)
Mm ¼ M1 þ M2 aB
 2
þ M3 aB
 4  g1g2fQ
F
(20)
M1 ¼ 1:080:03 ac
 
(21)
M2 ¼ 1:060:3 þ ða=cÞ
 
0:44 (22)
M3 ¼ 0:25 ca
 2
(23)
g1 ¼ 1 þ 0:08 þ 0:4
a
B
 2 
ð1sinQÞ3 (24)
g2 ¼ 1 þ 0:08 þ 0:15
a
B
 2 
ð1cosQÞ3 (25)
fQ ¼
a
c
 2
cos2Q þ sin2Q
 
(26)
F ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 þ 1:464 a
c
 1:65r
(27)
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